Zc3h12a is a lipopolysaccharide-inducible gene and has a CCCH-type zinc-finger domain. Zc3h12a knockout mice develop spontaneous autoimmune diseases accompanied by splenomegaly and by lymphadenopathy. Subsequent studies show that Zc3h12a is a nuclease involved in destabilization of interleukin (IL)-6 and IL-12 mRNA via the stem loop structure within the 3 0 UTR of these genes. Thus, we renamed it regulatory RNase-1 (Regnase-1) based on its function. IkB kinases phosphorylate and degrade Regnase-1 protein in macrophages in response to IL-1R/Toll-like receptor (TLR) stimulation. T-cell-specific deletion of Regnase-1 produces pathogenic T cells with hyperactivated phenotypes as well as autoimmune diseases. Regnase-1 protein is cleaved by Malt1 and inactivated in response to T-cell receptor stimulation. Thus, Regnase-1 is a key molecule in the regulation of immune responses.
Immune responses are key host reactions against microorganisms and foreign substances that protect our bodies from their harmful effects. The immune response must be promptly initiated, be sufficiently strong to eradicate pathogens, and be rapidly terminated properly to avoid tissue damage and pathological inflammation as well as autoimmunity. Excessive or prolonged immune responses are characterized by overproduction of proinflammatory cytokines such as tumor necrosis factor (TNF), interleukin-1 (IL-1), and IL-6. These cytokines are also involved in tissue damage by chronic inflammation as well as the development of autoimmune diseases. Dynamic changes of cytokine expression are controlled by the regulatory circuits of positive transcription factors NF-kB, C/EBPs, and AP-1 family and negative factors such as ATF3. Thus far, changes in gene expression have been considered mostly as a result of transcriptional control. However, accumulating recent evidence suggests that the immune system uses posttranscriptional regulation, particularly for the expression of cytokine and chemokine genes that show the most dynamic changes of expression (Anderson 2010; Ivanov and Anderson 2013) . mRNAs of these genes are enriched in AU-rich elements (AREs) in their 3 0 untranslated regions (UTRs). The conservation of an adenylate/uridylate (AU)-rich region was observed in genes encoding cytokines, which are inflammatory mediators. Shaw and Kamen (1986) presented the first direct evidence that ARE function as potent mRNA-destabilizing elements by showing that a conserved region of 51 nucleotides containing AUUUA motifs from the 3 0 UTR of human granulocyte-macrophage-colony-stimulating factor (GM-CSF) mRNA degraded b-globin mRNA when inserted into the 3 0 UTR of b-globin mRNA, which is otherwise stable. AU-rich sequences bearing AUUUA motifs from c-fos, c-myc, nur77, junB, interferon (IFN)-b, and IL-3 mRNA also function as RNA destabilizing elements. Subsequent bioinformatic analyses estimated that 5% -8% of the transcriptome contains AREs (Bakheet et al. 2006 ) that serve as binding sites for a number of regulatory proteins that either destabilize or stabilize mRNA. ARE-directed mRNA degradation is influenced by many exogenous factors, including phorbol esters, calcium ionophores, and cytokines. Several kinase pathways regulate the activity of ARE-binding proteins, and thereby coordinate the expression of their target mRNAs. More than half of the transcriptomic changes that occur during T-cell activation are regulated at the level of mRNA stability and are not accompanied by transcriptional changes (Cheadle et al. 2005) . Recently, Hao and Baltimore (2009) showed that intrinsic mRNA stability is particularly important for the expression of cytokine and chemokine genes that show the most dynamic expression patterns. mRNAs of these genes are enriched for AREs in the 3 0 UTRs confirming the prominent role of AREs in mRNA stability.
DEADENYLATION-DEPENDENT AND -INDEPENDENT mRNA DECAY
There are two types of mRNA degradation pathways: deadenylation-dependent and deadenylation-independent mRNA decay (Schoenberg and Maquat 2012) . Deadenylation-dependent mRNA decay is the major pathway in mammalian cells. The first step in this decay is polyA tail removal. Following deadenylation, mRNA degradation continues in a 5 0 -3 0 or 3 0 -5 0 direction. 5 0 -3 0 mRNA decay begins with decapping. Nonstop mRNA decay and nonsense-mediated mRNA decays are mRNA surveillance pathways for eliminating aberrant mRNAs. In contrast to normal mRNAs with termination codons, mRNAs that lack termination codons are recognized and degraded by a mechanism called nonstop mRNA decay. The nonstop decay pathway releases ribosomes that have reached the far 3 0 end of an mRNA and guides mRNA to the exosome complex for degradation. The cap structure can be removed independently of the deadenylation step in the case of mRNAs containing a premature termination codon. This pathway is called nonsense-mediated mRNA decay. Endonuclease cleavage of mRNAs also occurs without prior deadenylation. Even though endonuclease cleavage was one of the first identified mechanisms of mRNA decay, until recently this was considered a minor process that acted on a specific part of the transcriptome or functioned in parallel with the more prevalent processes of deadenylation and exonuclease-catalyzed decay (Schoenberg 2011) .
Tristetraprolin (TTP) is the most well characterized and extensively studied ARE-binding protein (Brooks and Blackshear 2013) . TTP is the founding member of a small family of CCCH tandem zinc-finger proteins. TTP was initially cloned as an immediate-early response gene induced by tetradecanoyl phorbol acetate (TPA) in murine fibroblasts, which was named TPA-induced sequence 11 (TIS11). The TTP family consists of TTP (ZFP36), ZFP36L1, ZFP36L2, and ZFP36L3. All members bind to AREs, and are characterized by the presence of a particular tandem zinc-finger domain (TZF) in their coding sequence. TTP was named after the particular repeated motif (PPPPG) of the protein. TTP was initially characterized as a key inflammation-induced Tnf mRNA-destabilizing factor whose deficiency resulted in multiple chronic inflammatory syndromes including arthritis, cachexia, and dermatitis in mice. Figure 1 shows the mechanism of mRNA degradation by TTP proteins. Degradation of mRNAs by TTP is one example of deadenylation-dependent mRNA decay. mRNA has a looped conformation mediated by interactions between eukaryotic initiation factor 4 and poly-A-binding proteins. Binding of TTP to ARE triggers destabilization of circularized mRNA, which induces the recruitment of deadenylases and subsequent removal of the cap structure by decapping enzyme and finally degradation of the mRNA body by exosome and exonucleases.
TOLL-LIKE RECEPTOR (TLR) FAMILY: FUNCTION AND SIGNALING
Toll was initially identified in insects as a receptor essential for dorsoventral polarity during embryogenesis. In 1996, Jules Hoffmann's group revealed its essential role in the innate immune response of insects to fungal infection (Lemaitre et al. 1996) . This finding led to the identification of Toll homologs in mammals. Thus far, more than 10 members of the TLR family have been identified in mammals. TLR comprises a large superfamily with IL-1R members based on similarities in their cytoplasmic regions. TLRs and IL-1R family members share a conserved stretch of 200 amino acids in their cytoplasmic region known as the "TLR and IL-1R -related" (TIR) domain. The extracellular portion of TLRs comprises leucine-rich repeats (LRR), whereas that of IL-1R is three immunoglobulin domains. Individual TLR members recognize different microbial components and trigger inflammatory and immune responses (Fig. 2 ) (Beutler 2009; Iwasaki and Medzhitov 2010; Takeuchi and Akira 2010) .
Similarly, the gene expression patterns among TLR members are also diverse by means of activation of different intrasignaling pathways (O'Neill and Bowie 2007; Kawai and Akira 2010) . The difference in TLR signaling pathways are in part due to selective usage of adaptor molecules, MyD88 and TRIF (Fig. 2) . MyD88 is Figure 1 . Involvement of TTP in mRNA degradation. responsible for signaling mediated by all TLRs except for TLR3 and is involved in inflammatory responses. In response to TLR ligands, IL-1R-associated kinase 4 (IRAK4) associates with MyD88 and activates IRAK1 and IRAK2. The IRAKs then dissociate from MyD88 and interact with TRAF6, an E3 ubiquitin protein ligase, along with other E2 ubiquitin protein ligases, which result in activation of a complex containing transforming growth factor (TGF)-b-activated kinase 1 (TAK1), TAK1-binding protein (TAB1), TAB2, and TAB3. Activation of the TAK1/TAB complex triggers both the MAPK and NF-kB signaling pathways. IKK-b, along with IKK-a and NEMO (IKK-g), forms the IKK complex that mediates the phosphorylation of IkBa, a NF-kB inhibitory protein that masks the nuclear localization signal of NF-kB. Upon phosphorylation, IkBa is ubiquitinated and degraded, freeing NF-kB to translocate into the nucleus and initiate the transcription of inflammatory cytokines.
Besides the MyD88-dependent pathway, a MyD88-independent pathway exists in TLR3 and TLR4 signaling. This pathway is triggered by another adaptor molecule, TRIF, and is involved in antiviral responses by producing type-1 IFN. TRIF associates with TRAF3 and TRAF6 through a binding domain present on its amino terminus. The activation of TRAF6 and RIP1 by TRIF leads to NF-kB activation. TRAF3 mediates IRF3 activation via activation of TBK1 and IKKi, noncanonical IKKs. The phosphorylation of IRF3 by TBK1/IKKi leads to dimer formation and nuclear translocation of IRF3 and the induction of IFN-b. TLR7 and TLR9 also induce type 1 IFN. In this case, the mechanism of type1 IFN induction is different from that induced by TLR3 and TLR4. MyD88 directly binds IRF7, and after undergoing phosphorylation, IRF7 translocates from the cytoplasm to the nucleus and produces type 1 IFN, particularly IFN-a. This pathway is activated only in plasmacytoid dendritic cells in contrast to TRIF-dependent type 1 IFN induction detected in every cell type, and is responsible for a huge amount of type 1 IFN produced in response to systemic viral infection.
Zc3h12a, AN EARLY LIPOPOLYSACCHARIDE (LPS) INDUCIBLE GENE, IS AN ENDORIBONUCLEASE
To date, many TLR ligands have been identified and TLR signaling pathways have been clarified. Our research direction is now moving toward the effector phase of TLR responses-that is, to find out the role of genes rapidly induced in response to TLR ligands. To examine TLR-induced gene expression comprehensively, we performed microarray analysis using mouse macrophages from wild-type, MyD88 knockout (KO), and TRIF KO mice stimulated with LPS, a TLR4 ligand. When we identified LPS-inducible genes whose functions were unknown and that contained interesting motifs in the amino acid sequence, we generated their KO mice and examined their role. Among them, we recently identified a functionally unknown gene named Zc3h12a. Zc3h12a has a CCCH-type zinc-finger motif, and forms a family with Zc3hb, c, and d. Northern blot analysis showed that MyD88 is essential for all TLR signaling pathways except TLR3 signaling. TRIF is responsible for type-1 IFN production in TLR3 and TLR4 signaling. TLR7 and TLR9 induce type-1 IFN by a MyD88-dependent mechanism in plasmacytoid dendritic cells.
Zc3h12a mRNA is rapidly induced in mouse macrophages in a MyD88-dependent manner after LPS stimulation and gradually decreased with time.
MCP-1 (CCL2) is the main chemotactic factor for migration of monocytes/macrophages and is involved in the pathogenesis of chronic inflammation. Zc3h12a was initially reported as the most highly induced mRNA by MCP-1, and therefore it was named MIP-1 inducible protein 1 (MIPIP1) (Zhou et al. 2006 ). Cardiomyocyte-targeted expression of MCP-1 in mice caused heart failure, accompanied by increased expression of MCPIP1, implying a role of MCPIP-1 in cardiomyocyte cell death. Later, the existence of MCPIP family members, MCPIP1, 2, 3, and 4 were reported and the expression of MCPIP1 and MCPIP3 were shown to be highly induced in macrophages in response to LPS (Liang et al. 2008a, b) . Forced expression of MCPIP1 inhibited LPS-induced TNF-a and nitric oxide production as well as their gene expression, suggesting a role of MCPIP1 as a negative regulator in macrophage activation. Previously, MCP-1-induced angiogenesis was shown to be mediated via MCPIP, at least in part, through transcriptional activation of cadherins 12 and 19 (Niu et al. 2008) . Taken together, these studies describe MCPIP1 as a transcription factor. However, fraction experiments performed in our laboratory revealed that Zc3h12a protein is mainly localized in the cytoplasm.
To examine the functional role of Zc3h12a, we generated Zc3h12a KO mice (Matsushita et al. 2009 ). Zc3hc12a KO mice were born alive at a Mendelian ratio, but most of them died spontaneously within 12 wk after birth. Zc3h12a KO mice showed severe splenomegaly and lymphadenopathy. The KO mice developed hypergammaglobulinemia of all Ig isotypes. Production of anti-nuclear antibodies and anti-double-stranded DNA antibodies was detected in the KO mice. Histological examination showed infiltration of plasma cells in the lung, paraepithelium of the bile duct, and pancreas. Plasma cells also accumulated in the lymph nodes and spleen in the KO mice. Flow cytometric (FACS) analysis showed that in the case of control mice most B cells were IgDpositive, IgM-negative, and IgD, IgM double-positive. However, for Zc3h12a-deficient B cells, 70% of CD19-positive B cells were IgM-and IgD-negative but immunoglobulin-positive, indicating that most Zc3h12a-deficient B cells underwent class switching in the spleen of Zc3h12a KO mice. CD138 (Syndecan-1)-positive CD19 dull cells were abundant in the spleen of the KO mice, indicating accumulation of plasma cells in the spleen. When splenic T cells from the KO mice were stimulated with anti-CD3/CD28 antibody, these T cells produced more IFN-g but less IL-17 compared with control mice, indicating that T cells in the KO mice are skewed to Th1 but not Th17 responses. Furthermore, FACS analysis showed that most splenic T cells in the KO mice were CD62L dull and CD44 high, indicating that they were mostly effector/memory type T cells. In addition, splenic T cells from the KO mice expressed activation marker CD69. The number of FoxP3-positive regulatory T cells (Tregs) was comparable between wildtype and KO mice. Thus, Zc3h12a is essential for preventing the development of severe immune diseases characterized by an increase in immunoglobulin-producing plasma cells and hyperactivation of T cells.
When cytokine production from macrophages was examined in response to TLR ligands, production of IL-6 and IL-12p40 but not TNF-a was highly enhanced in response to TLR ligands in the KO mice. We performed microarray analysis to assess the difference in LPS-inducible gene expression in wild-type and Zc3h12a-deficient macrophages. Microarray analysis showed that most LPSinducible genes were comparably expressed in wild-type and Zc3h12a-deficient cells. Nevertheless, a particular set of genes was highly expressed in Zc3h12a-deficient macrophages. They included IL-6, IFN-g, and calcitonin receptor, indicating that Zc3h12a is responsible for regulation of a limited number of genes in macrophages.
CCCH-type zinc-finger proteins are involved in RNA metabolism pathways such as RNA splicing, polyadenylation, and mRNA decay. Thus, we hypothesized that Zc3h12a might play a role in the destabilization of mRNA. Wild-type and Zc3h12a-deficient macrophages were stimulated with LPS for 2 h followed by actinomycin D treatment to stop transcription. The half-life of IL-6 mRNA increased in Zc3h12a macrophages compared to wild-type cells, indicating that Zc3h12a regulates IL-6 mRNA post-transcriptionally. However, the TNF or keratinocyte-derived chemokine (KC) mRNA half-life was not altered between wild-type and Zc3h12a-deficient cells, demonstrating that these genes are not posttranscriptionally regulated by Zc3h12a. Mouse IL-6 mRNA contains five AREs and a stem -loop structure in its 3 0 UTR; the latter is an 30-nucleotide sequence conserved between species and reported to be important for IL-6 mRNA destabilization. To investigate the regions critical for Zc3h12a-dependent destabilization, we generated a series of luciferase reporter constructs containing a variety of regions of IL-6 3 0 UTR, and luciferase activity was measured with and without Zc3h12a expression vector. Luciferase activity of reporter constructs containing fragments with AREs only were not altered by Zc3h12a expression, but reporters with fragments containing the stem -loop were decreased, indicating that the stemloop structure appears to be essential for Zc3h12a-mediated decay. In addition, the expression of Zc3h12a reduced the luciferase activity of reporters with 3 0 UTRs from IL-12p40 and calcitonin receptor, but not 3 0 UTRs from IFN-g. Therefore, IL-6, IL-12p40, and calcitonin receptor mRNAs are directly regulated by Zc3h12a.
Sequence alignment showed the presence of a PINdomain-like structure (139 -297), just preceding the zinc-finger domain (300 -322) (Fig. 3) . PIN domains are small protein domains of 130 amino acids identified by the presence of three strictly conserved acidic residues (Arcus et al. 2010) . PIN-domain proteins are Mg 2þ -dependent RNases. Of note, recombinant Zc3h12a proteins showed ribonuclease activity in an Mg 2þ -dependent manner. Mutation of the key amino acid potentially important for enzyme activity (Zc3h12aD141N mutant) did not degrade RNA, indicating that RNase activity is es-sential for the function of Zc3h12a. Based on the function we renamed Zc3h12a as Regulatory RNase-1 (Regnase-1) (Fig. 4) .
MyD88-IKK-DEPENDENT DEGRADATION
OF REGNASE-1 PROTEIN Although Regnase-1 was identified as an LPS-inducible gene, the protein is present in unstimulated macrophages. After LPS stimulation, several retarded bands appeared and subsequently all bands disappeared. At the 4-h-time point the bands reappeared, indicating that Regnase-1 protein was modified and degraded after LPS stimulation, followed by new synthesis of Regnase-1 protein (Iwasaki et al. 2011) . LPS triggers two distinct signaling pathways, MyD88-and TRIF-dependent pathways. Degradation of IkBa protein was observed in both MyD88-and TRIF-deficient macrophages. In contrast, in response to LPS Regnase-1 protein disappeared in TRIF-deficient macrophages but not in MyD88-deficient macrophages. Consistent with this finding, TLRs (e.g., TLR2, 4, 7, and 9) that activate MyD88 but not TLR3, which only activate TRIF, degraded Regnase-1. IL-1b stimulation, that activates the MyD88-dependent pathway, also degraded Regnase-1 protein. However, TNF stimulation did not degrade the protein. These results indicate that activation of the MyD88 signaling pathway is required for degradation of Regnase-1. Retardation of Regnase-1 bands was due to phosphorylation because phosphatase treatment abolished the appearance of the retarded bands. IL-1b but not TNF stimulation induced ubiquitination of Regnase-1. A proteasome inhibitor, MG-132, abolished the disappearance of Regnase-1 bands, suggesting phosphorylation-dependent ubiquitinmediated proteasomes are involved in the degradation of Regnase-1. Actinomycin D or cyclohexamide treatment did not impair the disappearance of Regnase-1 bands but impaired the reappearance of Regnase-1 bands. This indicated the early disappearance of Regnase-1 bands did not require Regnase-1 mRNA or protein synthesis, whereas the bands appearing at the late phase required the induction of Regnase-1 mRNA and subsequent protein synthesis.
We next searched for the kinase responsible for the phosphorylation of Regnase-1. IKKs are known to recognize a consensus motif DSGxxS, and to phosphorylate two serine residues. We found that such a consensus motif was present in the carboxy-terminal region of Regnase-1. We next investigated the mechanism by which Regnase-1 is degraded by stimulation with IL-1 or TLR ligands but not by TNF. Although the signaling pathways downstream from TAK1 are shared by IL-1R, TLRs, and TNFR, the upstream molecules, MyD88 and IRAKs are unique in IL-1R and TLR signaling. We speculated that modification of Regnase-1 by IRAKs is necessary for its subsequent phosphorylation by IKKs. Cotransfection experiments showed that Regnase-1 interacted with IRAK1, and was phosphorylated by IRAK-1. Coexpression of IRAK1 augmented the interaction between Regnase-1 and IKK-b. Furthermore, coexpression of IRAK1 resulted in augmented ubiquitination of Regnase-1 induced by IKK-b, suggesting that IRAK1 facilitates Regnase-1 phosphorylation by IKK-b and subsequent ubiquitination by direct interaction and modification of Regnase-1.
Regnase-1 disappears within 15 min after IL-1 or LPS stimulation, and reappears within 2 h in macrophages. TNF stimulation also induces transcriptional activation of the IL-6 gene. However, TNF stimulation does not degrade Regnase-1. This indicates that the IL-6 mRNA half-life may change during IL-1 or LPS stimulation, but not TNF stimulation. Therefore, we measured IL-6 mRNA half-life at 20 min and 120 min after IL-1 or TNF stimulation. We found that IL-1 stimulation extended the half-life of IL-6 mRNA at 20 min in HeLa cells, but TNF did not. Consistent with the reappearance of Regnase-1 protein, the half-life of IL-6 mRNA at 240 min was similar between IL-1 and TNF stimulation, indicating the kinetics of IL-6 mRNA stability correlated with the abundance of Regnase-1 protein in response to IL-1 or TNF.
Regnase-1 3 0 UTR also has a stem loop structure. When we used the luciferase reporter plasmids with mutations that disrupt stem loop formation, luciferase activity was not affected by Regnase-1 protein expression. In contrast, when we used a luciferase reporter plasmid in which the stem structure is maintained but the sequence is different from the original, luciferase activity was decreased by Regnase-1 protein. These results show that the stem -loop structure itself is critical for Regnase-1-mediated degradation of Regnase-1 mRNA. A scenario of the role of Regnase-1 is as follows (Fig. 5) : Regnase-1 protein is expressed in resting cells without expression of Regnase-1 mRNA to prevent unwanted production of cytokines. In response to stimulation via TLRs or IL-1R, Regnase-1 protein is phosphorylated by the IKK com- Figure 5 . Regnase-1 protein functions as a brake for cytokine production in resting cells. Resting macrophages already transcriptionally activate the IL-6 gene and produce a small amount of IL-6 mRNA, which is constantly degraded by Regnase-1 protein. Regnase-1 protein also degrades its own mRNA. Regnase-1 is rapidly phosphorylated and degraded in response to activation of the IKK complex after LPS stimulation. Thus, expression of Regnase-1 protein in unstimulated cells prevents unwanted production of cytokines.
plex, which leads to its degradation by an ubiquitin-proteasome-dependent mechanism similar to degradation of IkB proteins. NF-kB activation induces both IL-6 and Regnase-1 mRNAs. The newly produced Regnase-1 protein suppresses the expression of IL-6 mRNA as well as Regnase-1 mRNA. The cells return to the initial resting state with expression of Regnase-1 protein alone.
T-CELL-SPECIFIC DELETION OF REGNASE-1
When we examined the expression of Regnase-1 protein in various tissues, we found that Regnase-1 protein was highly expressed in immune-related tissues, such as lymph nodes, thymus and spleen. In particular, the thymus expresses the highest amount of Regnase-1 protein.
Furthermore, T-cell Regnase-1 protein levels decreased in response to anti-CD3/CD28 antibody stimulation.
To examine the role of Regnase-1 in T cells we applied the Cre-loxP system. We generated floxed Regnase-1 mice and crossed them with CD4 promoter Cre mice to generate T-cell-specific Regnase-1 KO mice ). T-cell-specific Regnase-1 KO mice were born alive, but started to die around 8 wk after birth and most died within 17 wk. These mice showed severe splenomegaly and lymphadenopathy. Most splenic CD4 and CD8 T cells from conditional KO mice were CD62L
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high effector/memory T cells. Regnase-1-deficient T cells also expressed the CD69 activation marker. CD19 dull CD138 high plasma cells accumulated in the spleen of Regnase-1 KO mice.
Next, we examined thymic T-cell development in T-cell-specific Regnase-1 KO mice. Thymocyte subset populations were not altered. The TCR repertoire of peripheral CD4 T cells was comparable between KO mice and control mice. These results suggested that thymic T-cell development was not affected by deletion of Regnase-1 in T cells.
To investigate whether peripheral CD4 T cells specifically deficient in Regnase-1 are pathogenic, we transferred splenic CD4 T cells from T-cell-specific Regnase-1 KO mice or control mice into congenic CD45.1 mice. Mice that received Regnase-1-deficient CD4 T cells showed severe splenomegaly, whereas control mice did not show any abnormalities. Regnase-1-deficient CD4 T cells survived and proliferated in recipient mice 3 mo after transfer, although CD4 T cells from control mice were not detected. Furthermore, transfer of Regnase-1-deficient CD4 T cells alone led to the increase of recipient CD45.1 CD62 low CD44 high effector/memory T cells as well as CD19 dull CD138 high plasma cells, showing that Regnase-1 peripheral CD4 T cells can activate other normal immune cells. To further confirm that deletion of Regnase-1 in peripheral CD4 T cells generated pathogenic CD4 T cells, splenic CD4 T cells from Mx Cre floxed Regnase-1 mice were transferred into CD45.1 mice, and concurrently treated with poly I:C. Recipient mice showed an increase of CD62 low CD44
high effector/memory T cells of recipient origin and CD19 dull CD138
high plasma cells.
These results show Regnase-1 plays a critical role in preventing the aberrant activation of peripheral CD4 T cells.
To examine whether abnormal activation of Regnase-1-deficient CD4 T cells is intrinsic or occurred after antigen stimulation, we generated OTII þ CD4-Cre Regnase-1 floxed mice. OTII TCR transgenic mice express a single TCR specific for a peptide fragment of ovalbumin (OVA). Most CD4 T cells are naïve, indicating that TCR stimulation is required for the development of Regnase-1-deficient effector/memory CD4 T cells. We prepared naïve CD4 T cells from OTII mice lacking Regnase-1 in T cells, and examined the response to TCR stimulation. Compared to wild-type OTII mice, Regnase-1-deficient OTII T cells showed enhanced proliferation. Furthermore, TCR-induced production of effector cytokines such as IFN-g, IL-17, and IL-4 was elevated in the absence of Regnase-1. The proportion of FoxP3 þ CD4 Treg cells was comparable between control and Regnase-1-deficient CD4 T cells. In addition, Treg cells purified from Mx Cre floxed Regnase-1 mice after poly I:C treatment were competent in suppressing effector T cells, suggesting that Treg cells are not functionally defective in the absence of Regnase-1.
To understand the molecular basis for pathogenic CD4 T cells lacking Regnase-1, we examined gene expression profiles in CD4 T cells from conditional KO mice and control mice. We found many genes were up-regulated in CD4 T cells lacking Regnase-1 including cytokines, surface markers, and transcription factors. To exclude the possibility that the difference in gene expression was simply due to the difference in the proportion of naïve and effector CD4 T cells, we knocked down Regnase-1 expression in Jurkat cells and examined changes in mRNA expression in response to PMA and ionomycin stimulation. Knockdown of Regnase-1 increased expression of c-Rel, Ox40, and IL-2 mRNA after stimulation with PMA plus ionomycin. In contrast, IkBa mRNA levels were comparable between parent and Regnase-1 knockdown Jurkat cells. Reciprocally, overexpression of Regnase-1 in Jurkat cells resulted in the inhibition of the expression of c-Rel, Ox40, and IL-2 mRNA. The expression of Regnase-1 RNase inactive form (D141N) failed to suppress these mRNAs, indicating that the RNase activity of Regnase-1 is essential for suppressing a set of mRNAs. We previously showed that Regnase-1 controls mRNA expression via 3 0 UTR. To examine whether 3 0 UTR is involved in degradation, we generated a set of luciferase reporter constructs with 3 0 UTR from a variety of genes involved in T-cell activation. These constructs were transfected into HEK293 cells together with a Regnase-1 expression vector or a nuclease-dead mutant, and luciferase activity was measured. Several target mRNA were identified. They included IL-1b, IL-2, ICOS, Ox40, TNFR2, and GATA3. We focused on NF-kB transcription factors. Luciferase assay showed that only c-rel was regulated by Regnase-1 among the NF-kB subunits. To examine the contribution of c-rel, we generated double KO mice lacking Regnase-1 and c-rel. In the double KO mice, the number of effector/memory T cells was significantly decreased and the number of plasma cells was normal-ized, suggesting that c-rel is in part involved in the pathology observed in Regnase-1 KO mice. Furthermore, we found that the level of c-Rel expression was reduced in Rel heterozygous mice compared with wild-type mice, so we examined the effect of decreased c-Rel expression on Regnase-1 KO mice. Decreased c-Rel also resulted in a partial reduction of effector/memory T cells and plasma cells. These results indicate that increased c-Rel expression contributes to the activation of T cells and subsequent B-cell activation under Regnase-1 deficiency.
Like macrophages, Regnase-1 protein disappeared in T cells in response to CD3 plus CD28 or PMA plus ionophore stimulation. However, different from that of macrophages, addition of a proteasome inhibitor did not inhibit the degradation of Regnase-1. Figure 6 shows a comparison between TLR and TCR signaling pathways. Malt1 is reported to act as a protease; therefore, we speculated that Malt1 may be a candidate for Regnase-1 cleavage. In fact, degradation and cleavage of Regnase-1 were abolished in the presence of a Malt1 protease inhibitor, as well as in Bcl10-or Malt1-deficient CD4 T cells, indicating that Reganse-1 is cleaved by Malt1. Overexpression of Malt1 expression vector cleaved Regnase-1. We found that R111 of Regnase-1 is a cutting site by using various mutant Regnase-1 expression vectors. Primary CD4 T cells were stimulated with PMA plus ionophore in the presence or absence of Malt1 protease inhibitor, and actinomycin D was added to stop transcription. A set of mRNAs such as c-rel, Ox40, and IL-2 was destabilized in the presence of Malt1 inhibitor, indicating that Regnase-1 regulated the expression of these mRNAs. In contrast with TCR stimulation, IL-18 stimulation degraded Regnase-1 in a proteasome-dependent manner similar to macrophages. Therefore, Regnase-1 degradation is signal-specific but not cell-type-specific.
CONCLUSION
Although initial papers described Regnase-1/ Zc3h12a/MIPIP1 as a transcription factor, recent papers confirmed that it has intrinsic RNase activity and is essential for inhibiting the development of lethal autoimmune responses (Matsushita et al. 2009; Mizgalska et al. 2009; Liang et al. 2010; Jura et al. 2012; Xu et al. 2012a, b; Miao et al. 2013; Uehata and Akira 2013) . CCCH-type zinc-finger proteins control mRNA decay by associating with the 3 0 UTR. For example, TTP and its homologs Zfp36l1, Zfp36l2, and Zfp36l3 are critical for the decay of mRNAs for TNF, GM-CSF, CXCL1, and others (Brooks and Blackshear 2013) . Aged TTP KO mice develop autoimmune arthritis because of excessive TNF overproduction (Taylor et al. 1996) . Another RING-type ubiquitin ligase protein containing a CCCH zinc-finger motif called Roquin (also known as Rc3h1) is essential for suppressing autoimmunity by controlling the expression of the ICOS costimulatory molecule (Vinuesa et al. 2005; Yu et al. 2007; Glasmacher et al. 2010) . In contrast to TTP and Roquin that require other proteins that catalyze mRNA decay, it is unique that Regnase-1 acts by itself as an endoribonuclease.
Different from the ARE-binding proteins, Regnase-1 recognizes a stem -loop structure (Matsushita et al. 2009; Iwasaki et al. 2011 , Li et al. 2012 . We identified several target mRNAs that harbor a stem -loop structure in the 3 0 UTR. However, we have not found a rule or consensus sequence from comparison of these stem loop structures. Therefore, we need a comprehensive analysis of target sequences, as well as structural studies on the interaction between Regnase-1 and the stem -loop. Because Regnase-1 does not show sequence specificity in vitro as showed by in vitro RNA cleavage assay, the target specificity may be determined by binding partner(s) of Regnase-1. A recent publication (Leppek et al. 2013) reported that Roquin and Roquin2 specifically recognize a conserved class of stem -loop structures and degrade mRNAs by recruiting the Ccr4-Caf1-Not deadenylase complex. Suzuki et al. (2011) showed that a wide range of premiRNAs are targeted by Regnase-1 and cleaved at the hairpin structure. Regnase-1 counteracts the ribonuclease Dicer, involved in the cleavage and processing of premiRNA. It is expected that miRNA synthesis is up-regulated, and a set of mRNAs are down-regulated in Regnase-1-deficient cells. The importance of Regnase-1 in miRNA biogenesis should be further investigated. Intriguing is the recent finding that Regnase-1 recognizes viral RNA and possesses potent antiviral activities (Lin et al. 2013) , although this requires further convincing data.
We have generated mice lacking other closely related family members, including Zc3h12b, Zc3h12c, and Zc3h12d. They do not show similar abnormalities to Regnase-1 KO mice, indicating the functional difference of other paralogs in vivo (T Satoh and S Akira, unpubl.) . Further studies will be needed to clarify the in vivo role of other family members.
Finally, Regnase-1 may be a good drug target for controlling immune responses. Compounds that inhibit the degradation of Regnase-1 would be therapeutically useful for chronic inflammation and autoimmune diseases, whereas exploration of small molecules affecting the RNase activity has the potential to enhance adaptive immunity necessary for vaccine development and cancer immunotherapy.
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